Abstract: The standard EMTP (Electro-Magnetic Transients Program) is based on time domain calculations as these are eminently appropriate for simulation purposes. This paper presents an approach for the direct frequency domain representation of an external system of any size or complexity. The requirements for the external system are that it must be linear and time invariant, and it should include a transmission line connecting it to the study zone and providing a travel delay 7. It is represented in the phase domain and does not have to be symmetrical. At the connecting bus between the study zone and the external system, Fourier transforms provide the conversion from time domain to frequency domain and vice versa. The FFTs are however performed only at time intervals 27 so that the approach is computationally efficient especially in the case of large external systems. One important advantage of the method is that the accuracy and simplicity of direct frequency domain modeling is preserved since no approximations or fitting are necessary, even for complex, three-phase frequency dependent components.
INTRODUCTION
The calculation of electro-magnetic transients can be performed by either time or frequency domain methods. The advantage of the former (the EhlTF' --Electro-Magnetic Transients Program [l] --being the principal program in this group), is due to the direct step by step integration of the ODES (Ordinary Differential Equations) representing the terminal system components and to the computational decoupling between components separated by transmission lines (because of the travel delay of waves propagating on these lines). Direct time domain simulation also permits the representation of switches and nonlinear elements in a fairly straightforward way. However, basic transmission line modeling is initially always performed in the frequency domain since complex field phenomena in the ground and inside the conductor result in parameters which are functions of frequency. Frequency domain methods have therefore an intrinsic advantage in overcoming the difficulties related to transmission line modeling. Nevertheless, because of its overwhelming computational efficiency, the EMTP has prevailed as a practical tool for power systems applications. It is fundamentally a pure time domain program. This paper presents a method which permits to link frequency domain component models (such as lines with simple or complex frequency dependent terminations, and external networks) to the E m .
Thus a hybrid EMTP is created which preserves all advantages of the standard EMTP while adding the convenience of direct frequency domain modeling of some "peripheral" components. These are linked to the EMTP by means of Fourier transforms.
The basic ideas underlying the linking of Frequency Domain Components (FDC) with the Time Domain Part (TDP) of the EMTP are the following (see Figure 1 ): Thus, the FDC is linked to the FIT by two Fourier transforms, the first being performed with truncated time domain inputs x and the second yielding an output package y valid over a time interval 27. The interchange variables x and y are the same as in the conventional E M " calculations. The only difference is that they are used in packages as inputs and outputs of two Fourier transforms which have to be performed in time intervals of 27. At ends A and E of the line, straightforward frequency domain computations are performed to obtain the outputs Y for given inputs X.
The application described in the paper is the integration of an external complex system with a study zone. The external system is represented by its frequency domain model. In previous wworks, the external system had to be represented either by fitting of an R , L , C network [2] or by introducing an extended interface [3, 4] to reduce the modeling complexity of the external system.
Other applications include the calculation of transients in a system to which an overhead line or a cable is connected, with a simple or complex, frequency dependent termination, as for example a combination of R, L, C elements or a reactor with frequency dependent inductance.
(b)
BASIC THEORY

Explanation of the Method
We refer to Fig.1 to describe the system for which we calculate the electromagnetic transients. It consists of two parts: the Study Zone and the External System. In conventional EMTP calculations, all computations are performed in the time domain [1, . Essentially, what is done at any instant t is the following. The incident wave voltage in A, v~,~~~ is known: it is used to calculate (in addition to the voltage and other variables in A ) the reflected wave voltage VA,..~. Then, with v~,~~~ as input to the External System, the time domain computations return a new value V A , ,~,~. valid after a time span 22, because of the travel delays involved.
The computations proceed step by step, for each v~, i h d and V A ,~~~, with immediate response in the Study Zone A, and a response to be used later from the External System.
In the proposed hybrid procedure, the computations in the study zone remain the same and are performed using the relevant, existing parts of the EMTF' . The difference appears in relation with the External System: the reflected wave voltage V A .~~~ is not used immediately for 
Assumptions for Validity
The idea of performing part of the calculations in the frequency domain and of using Fourier transforms assumes for validity that the external system is linear and time invariant. Therefore, all nonlinear elements and active switches have to be included in the Study Zone. As already emphasized, the External System must include a transmission line linking it to the Study Zone to provide the travel delay needed for the package calculations of the FFTs. The delay 7 is the value corresponding to light velocity. The actual travel times, for different modes and frequencies, are. of course always larger, so that 27 is assured to be available for FFT calculations.
There is no need of using modal decomposition in the External Zone and in fact direct phase domain calculations are simpler and more straightforward than the modal alternative. Therefore, the External System should include, if at all possible, all components which are difficult to model in the time domain, for example lines or cables with strongly frequency dependent modal transformations.
Computational Steps
In Fig.3 the computational process described in the previous section is broken down into the following six steps, marked on the figure.
Related computational details will be presented in the next section. This is the propagation without distortion, in time 7. of the waves corresponding to the package VA,g to system B; the distortion w i l l be lumped with the transfer function of the next step.
At end B. the incoming wave package is first "shaped" to take into account the distortion from the previous step; then it is made to interact with system B represented by its driving point admittance YB so that a reflected wave package is emitted from E; finally, it is shaped again to take into accuunt the distortion during its travel back to A, indicated in the following step. This is the propagation without distortion of the wave package from B to A, in time 7.
An converts the incident frequency domain wave package V~. i " d to the time domain package VA,~&.
We note here that the line shaping trausfer functions Hs,, have been lumped with the transfer function HB of system B:
H=HshHBHsh
(1) This fact has permitted to describe the whole process in the compact block diagram of Fig.4. 
Computational Details
Backwinding and Shaping
The frequency domain relation between the voltage Vr@ of the wave reflected from the bus at one end of a line and the voltage Vin& of the wave incident at the other end is given in terms of the propagation transfer function Hp as
In the case of a lossless line, Eqn. (3) becomes
which corresponds to a pure delay by 7 in the t h e domain (U = Unity manix). This suggests to decompose H p into two factors:
where H o represents the delay and Hsh represents the shaping effect on the wave due to distortion, i.e. attenuation and frequency dependent propagation velocity. Since in our approach the delay T and the shaping effects are taken into account separately (see Fig.4 ). decomposition (5) is necessary. It is also computationally useful since H,h is, as it will soon become apparent, a much better behaved function in relation to Fourier t r~s f o~s than Hp .
From (4) and ( informational value as it is a priori known that it must be zero. Fig.6c represents the effect of shaping only on the unit step input of Fig.6a . This is the only information that is in fact needed.
Accuracy of FFC
The length 1 of the line between A and B would normally have a close effect on the selection of the time step At being used in the EMTP calculations. Let, for example, 1 = 300 km. Then 7 = 1 ms. We may choose At = 0.02 ms, so that we will have 100 steps over the span 27 = 2 ms. Unless special attention is given to the selection of the number of steps, it will not be a power of 2 (2' = 128 in our case), as required by the FFT. Therefore, other past values may have to be chosen outside of the range 27 to have a complete set for the FFT (128-100 = 28 values in our case). In fact this approach will prove useful also because it leads to an increased number of frequencies and higher accuracy.
The following remarks can thus be made regarding accuracy: the time step is related to the highest frequency in the s p e c m (in our case 1/0.02 ms --f 50 kHz); and the range T of values used is related to the lowest frequency and therefore to the time span for which the calculations are not drifting away (in our case T1128x0.02 ms = 2.56 m: this is much less than one period of power frequency; the lowest frequency is U2.56 ms -4 0 0 HZ).
The remarks made above are of tentative nature an indicate only the order of magnitude of the expected values.
Admittance of External Sustem
We assume that the system B (which together with the linking line Thus we have buses with only impedances connected to them: lhese are "blind" buses having zero current injections; and buses with known voltages E. The computational approach we toke will be based on admittances. All calculations refer to the three phases. The corresponding phase domain matrices are not assumed to be balanced the lines may be unaansposed. the (impedance) loads unbalanced. Therefore, whenever functions of mavices appear in the calculations (these are always analytical) they can be trivially evaluated by means of well-known eigenanalysis procedures. System B will thus be represented by a matricial equation of the form
Y V = I (7)
The first problem is thus the construction of the admittance matrix Y for all frequencies of interest. We note that this process, as well as the subsequent reduction operation, has to be performed only once, in a preprocessing mode, and therefore does not constitute a burden in later calcula-
tions.
A transmission line between nodes i and j contributes enaies in matrix Y at locations (iJ), (i,j), (j,i), and UJ), which are equal at each frequency to the elements of its own admittance matrix. These locations have to be interpreted as blocks of 3x3 elements (for three-phase lines). Passive elements connected directly to buses will appear as additional admittances in the diagonal of matrix Y. Impedances of generators will contribute admittances in four locations, similarly to transmission lines, however, one of the buses is of type E.
After the matrix Y has been assembled, Eqn. (7) permits the elimination of all voltages of the blind buses with the result
I, = YEV, +YE
If system B has no generators, then Eqn.(la) reduces to
In the next section we will show that the term YE in Eqn. (8a) does not affect the transients. Therefore, the presence of generators has to be accounted for, in relation to the transients, only by their contributions to the diagonal elements of matrix Y.
2.4.4
Reflection from System B In Eqn.(la) we can make the following substitutions: One-line diagram of System-1
This equation allows us to identify the transfer function which is needed in our calculations (see Eqn.(l) and Fig.4 ). Careful examination of Eqn.(lOa) permits us to note that the transient depends only on the relation between vB,im'd and VB,,,P and thus the term with E does not contribute to the transient: it affects VB,,cp in a permanent way and consequently it contributes to the (initial) steady state condition. Because of this, we have not included E in our discussions in earlier parts of this paper.
TESTCASES
The proposed hybrid simulation method has been coded in FOR-TRAN and interfaced with a special version of the EMTP. In the following, this software package is refered to as HYBRID-EMTP. 3.3 Case-3 Fig. 8(c) shows the transients of the three phase voltages at busbar N as a result of an unsymmetrical L-L-G fault at point F on line L1. The fault occurs at t=8 ms. The faulty line is permanetly removed three cycles after fault inception. 3.4 Case-4 Fig. 8(d) shows the transients of the three phase voltages at busbar N as a result of an unsymmetrical L-G fault at point F on line L1. The fault occurs at t=8 ms and is followed by three-pole opening after three zerocrossing.) cycles.
case-5
Figs. 9(a) and 9(b) compare the results obtained from the HYBRID-EMTP with those of the EMTP, corresponding to Case-1 and Case-2 respectively. Corresponding to each HYBRID-EMTP simulation study, two simulation studies are conducted by the EMTP. In one study the subsystem B is represented in detail (EXACT-EMTP), and in the other study the Frequency Dependent Network Equivalent (FDNE) program [2] is used to represent subsystem B (FDNE-EMTP). m e comparison (Fig. '9) of the time domain simulation results obtained from HYBRID-Em with those obtained from the EXACT-EMTF' and the F D N E -E m verifies the accuracy of the HYBRID-EM'". Taking the results of the EXACT-EMTP as reference. the maximum deviation of the results from the HYBRID-EMTP and the FDNE-EMTP are 6.9% and 9.3% for Case-1 (Fig. Y(a) ). The maximum deviations for Case-2 (Fig. 9@) ) are 11.2% and 7.3%. respectively.
For the reported studies, the simulation time step is At = 0.002 ms 4. POTENTIAL APPLICAT~ONS Similarly to the EMTP, the HYBRID-kMTP can be used for the analysis of electromagnetic transients in eietric power systems with the advantages and ptoperties mentioned in section 3. Anbther potential application of the HYBRID-EMTP is for the analysis of the transients of electric systems which include continuously Snitching power electronic circuits, e.g, line-commutated HVdc conv&tem. conventional thyristorcontrolled VAR c o m p a t o r s , GTO-thyristor based Hvdf converters, GTO-thyHstor based VAR compensatm, static p k s h i f t e r s , and active filters. In such systems there is a need for vety small rime steps to investigate the transient phenomena. Then the required CPU time would prohibit the application of the EMTP to a rullistic size system. However, in the HYBRID-EM", the time step can be reduced to the required value without a substantial CPU burdt!h from the external system sidce it is represented in frequency domain.
CONCLUSIONS
This paper presents an approach for the frequency domain representation of an external system, in the analysis of the electmmagnetic transients of a study zone. "he study zone is represented in time domain. Ihe requirements are (hat the 6xtemal system must be linear, and time invariant and connected to the study zone by a transmission line with travel time r. In most practical cases, the travel delay r can easily be identified in the connection between the two parts of the system. At the connecting bus between the study zone and the external system, Fast Fourier Transforms (FFt?i) provide the conversion from time domain to frequency domain h d vice vena. meL t h e 1 delay r of the transmissiod line provides the p0ssibilit)r for the FFTe to be carried out only at time intervals of 2~. Thus, the approach is coihputationally efiicient, especially in the case of large external systems.
Other importaut advantages of the method are the following.
The accuracy and the simplicity of the frequency domain modeling is preserved, s h e no approximation or fitting is required Thus, the resulting accuracy camot be matched by equivalencing methods. It can in fact exceed that of the EMTP, without loss of computational efficiency. Even components for which only frequency domain information exists, but no appropriate EMTP model, can be represented with full accuracy as (part of) the external system. For example, a three-phase reactor can be directly included in the model by using its frequency dependent adtnittagce matrix from terminal measurements.
The proposed hybrid approach is robust since it does not require q y fitting procedures that may have problems of convergence and accuracy and are available only for the individual modeg into which symmetrical systems can be decomposed.
The computational feasibility of the proposed hybrid method is demonstrated on two test systems. The electro-magnetic transients of the test systems have been also investigated by the EMTP. ComparisQn of the results obtained from the hybrid method with those obtained from the EMTP verifies the computational feasibility and the accuracy of the proposed hybrid simulation method.
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